Abstract
Introduction

30
Increasing crop yields requires the precision management of external farm resources (i.e., 31 agrochemicals and fertilisers), which will help reduce input costs and detrimental 32 environmental impacts. Precision management of farm resources requires an understanding 33 and quantification of factors that limit crop yields, which is a research question yet to be 34 comprehensively answered. This currently prohibits precision management of farm resources 35 to be a routine activity. However, precision management of farm resources to correct existing 36 yield limiting factors require high sampling resolution data of variables impacting crop 37 growth and yield, which can then be incorporated within an analytical system. To realise this, (NARMAX) is a parametric modelling method introduced by Billings et al. (1989) . It is a 69 popular class of nonlinear system identification methods for a complex system, which 70 represents a typical input-output system with an unknown inner structure. (Zadoks et al., 1974 ).
109
The on-line VIS-NIR soil sensor (Mouazen, 2006b) (Fig. 1) Results of laboratory analyses and spectral measurements were pooled together in one matrix.
152
The 183 soil samples were randomly split into calibration (70% of samples) and validation
153
(30%) sets. The calibration set was subjected to partial least squares regression (PLSR) 154 analysis to establish calibration models for the studied soil properties using Unscrambler denotes the past information of the input , which can be expanded as:
where is the maximum temporal lag to be considered for the input .
191
The Volterra series is a model for nonlinear behaviour that has similarities to the Taylor   192 series. However, it differs from the Taylor series in its ability to capture 'memory' effects.
193
The Taylor series can be used to approximate the response of a nonlinear system to given 194 inputs if the output of this system depends strictly on the inputs at that particular time. In the 195 Volterra series the output of the nonlinear system depends on the input to the system at all 196 previous times. This provides the ability to capture the 'memory' effect of devices like 197 capacitors and inductors (Tashev, 2009 
The value of should be always between 0% and 100%. The best independent validation of PLSR calibration models using on-line spectra ( Table 2 : Validation of partial least squares regression (PLSR) models to predict soil pH, phosphorous (P), total nitrogen (TN), total carbon (TC), moisture content (MC) and exchangeable potassium (K) using on-line collected spectra of the prediction set. Therefore, it is unsurprising to observe that TC is a strong contributor to yield in both study 314 years. pH was a persistently strong contributing soil property, particularly in 2013. An acidic 315 or basic soil can prevent nutrient uptake and thus impede plant production (Schubert et al., pH range in this study is wider than the optimum range (Table 2) listed (Ashraf, 1998) .
Soil properties Statistics pH P (mg kg -1 ) TN (%) TC (%) MC (%) K (cmol kg
-
340
Similar to crop yield (Table 3) , K ( = 9.82% and 3.19%) and P ( = 6% and The input variables used are the normalisation values obtained with mean normalisation.
358 Table 5 whereas no individual influence for K and P can be observed in 2015 (Table 5) distribution of predicted versus measured NDVI and yield is shown in Fig. 3 and Fig. 4 Although r values are larger for NDVI than for yield during the two cropping seasons (Table   400 6), it is not recommended to rely on only the six on-line measured soil properties to predict This study has presented a novel application of nonlinear parametric modelling technique 8) and corresponding terms and coefficients shown in Table 5 for wheat in 2013 (a), and spring barley in 2015 (b).
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